Presence of certain nitrogenous compounds in the growth medium significantly enhanced the salt tolerance of the freshwater cyanobacterium Anabaena sp. strain L-31 as well as the brackish water cyanobacterium Anabaena torulosa. Among these, nitrate, ammonium, and glutamine were most effective followed by glutamate and aspartate. These nitrogenous compounds also inhibited Na influx in both Anabaena spp. with the same order of effectiveness as that observed for protection against salt stress. The inhibition of Na+ influx on addition of the nitrogenous substances was rapid; nitrate and ammonium inhibited Na+ influx competitively. Proline and glycine did not affect Na+ influx and also had no influence on the salt tolerance of either Anabaena sp. The observed protection was not consequent to a stimulatory effect of combined nitrogen on growth per se. Uptake of N03-and NH4+ increased during salt stress but was not correlated with growth. Intracellular levels of N03-and NH4+ were found to be inadequate to constitute a major component of the intemal osmoticum. The results suggest that inhibition of Na+ influx by combined nitrogen is a major mechanism for protection of cyanobacteria against salt stress.
efficient efflux, contributes significantly to the salt tolerance of these microbes (2, 4) . In a recent study (1) , we identified curtailment of Na+ influx as a major mechanism of cyanobacterial salt tolerance and showed that experimental manipulation of Na+ influx modified the salt tolerance of both salt sensitive as well as salt tolerant cyanobacteria. It was further shown that the ability to curtail Na+ influx, which is inherent in salt tolerant forms, can also be induced by certain environmental factors like alkaline pH or presence of combined nitrogen in the form of nitrate or ammonium in the growth milieu (1) . The present study is aimed at elucidation of the mechanism by which combined nitrogen affords protection to cyanobacteria during salt stress. The results show that the inhibition ofNa+ influx by combined nitrogen plays a primary role in such protection.
MATERIALS AND METHODS

Organisms and Growth Conditions
Soil salinity is an important agricultural problem and high NaCl content is a principal deterrent of plant growth in saline habitats. The photoautotrophic nitrogen-fixing cyanobacteria, in general, exhibit considerable tolerance to salt or osmotic stress (30) and reclamation of saline/sodic soils using these organisms has been attempted with some success (25) . Adaptation to salt stress in cyanobacteria, although not adequately understood, consists of at least three phenomena: (a) accumulation of internal osmoticum in the form of inorganic ions (17) or organic solutes (6, 15, 20, 22) ; (b) contribution of ion transport processes (1, 2, 4, 21, 23, 30); and (c) metabolic adjustments (7, 30) .
Ion transport phenomena have an important influence on the halotolerance of various organisms. Cyanobacteria do not accumulate Na+ (1, 2, 4, 19) although a transient net Na+ uptake may occur in response to hypersaline upshock (21) .
Comparison of the features of Na+ transport of salt sensitive and salt tolerant cyanobacterial strains has revealed that Na+ exclusion, achieved by reduced uptake of Na+ and its more 'Supported, Two filamentous, heterocystous, nitrogen fixing cyanobacteria, Anabaena torulosa (a sporulating brackish water form [11] ) and Anabaena sp. strain L-31 ( a nonsporulating freshwater form [29] ) isolated in this laboratory were used in axenic condition. Fivefold diluted cyanophycean medium (CM/5) (10) free of combined nitrogen (pH 7.0) and containing 1 during salt stress (Table I) . Nitrate, ammonium, and glutamine were most effective followed by glutamate and aspartate. Nitrogen supplementation itself enhanced the growth of both Anabaena spp. which differed in their preferences to various nitrogen sources tested. Interestingly proline and glycine were found to be totally ineffective and did not protect either Anabaena species during salt stress (Table I) . Parallel studies, however, revealed that proline and glycine were taken up by both Anabaena spp. and inhibited nitrogenase activity during diazotrophic growth (data not included) although they were not preferred as nitrogen sources for growth (Table I) . Nitrate and ammonium grown cultures of Anabaena spp. have been earlier shown to exhibit much reduced uptake of Na+ [ 1) . Attempts were made to ascertain whether this was a direct effect on Na+ influx or an indirect effect associated with changes in structure and function of cells during combined nitrogen-supplemented growth. Figure 1 shows the effect of combined nitrogen on uptake of Na+ by the nitrogen-fixing cultures of the two Anabaena spp. In addition to nitrate and ammonium, glutamine, glutamate, and aspartate also inhibited Na4 influx significantly in both cyanobacteria. The effect was immediate, occurring within 2 min after addition of combined nitrogen. In conformity with the data presented in Table I , nitrate, ammonium, and glutamine were most inhibitory followed by glutamate and aspartate.
The observed early inhibition of Na4 influx by combined nitrogen was clearly reflected in the intracellular levels of Na4 Figure 1 . Effect of combined nitrogen on Na+ influx in nitrogen-fixing cultures of (top) A. torulosa and (bottom) Anabaena sp. strain L-31. Logarithmic phase (3 d old) cyanobacterial cultures grown in N-free media were suspended in CM/5 buffered with 10 mm Hepes/0.1 N LiOH (pH 7.0). Cells were pretreated with the desired source of combined nitrogen for 2 min prior to the measurement of Na+ influx. Combined nitrogen sources used were either none (N2) (0); or nitrate 10 mM (0); or ammonium, 3 mM (0); or glutamine (U), glutamate (A), aspartate (A), proline (V), or glycine (v), all at 1 mm final concentration. Na+ influx was initiated by the addition of 0.23 ,Ciml-' -2NaCl (carrier-free) to nitrogen-fixing cultures containing 1 mM Na+. Pretreatment and assays were carried out under illumination (2.5 mW cm-) and shaking (150 rpm) at 250C. Other details have been described previously (4) . accumulated by the two Anabaena spp. grown in the presence of various nitrogen sources. As seen from the data in Table  II , during diazotrophic growth at 1 mm external Na+ the salt sensitive Anabaena sp. strain L-3 1 accumulated over fivefold more Na+ intracellularly than the salt tolerant A. torulosa. However, provision of nitrate, ammonium, glutamine, glutamate and aspartate during growth severely reduced the accumulation of Na+ in both Anabaena spp. Among these, nitrate, ammonium, and glutamine were again most effective (80-90% inhibition) followed by glutamate (60-70%) and aspartate (20-30%). Proline and glycine had no influence on the intracellular Na+ levels (Table II) .
The nature of inhibition of Na+ influx by nitrate and ammonium was examined in detail. Kinetic analysis of the Nae influx in the two Anabaena spp. carried out at several concentrations of the inhibitor (i.e. nitrate or ammonium) and at four different concentrations of the substrate (i.e. Na+) is presented in Figure 2 . The data clearly show the nature of inhibition of Na+ influx by both nitrate and ammonium in either Anabaena spp. to be competitive. The inhibition constants (Ki) for nitrate and ammonium were determined from the secondary plots of intercepts on Y-axis versus inhibitor concentration in Figure 2 The possibility that nitrate and ammonium may accumulate intracellularly and contribute to the internal osmoticum was also investigated. Uptake of nitrate and ammonium increased during salt stress in both Anabaena spp. (Tables III  and IV ). The apparent rates of assimilation (i.e. the difference between uptake and intracellular levels) were also higher in the cultures exposed to salt, although the nitrogen utilization ratios (i.e. N assimilated/N available intracellularly) were not altered significantly (Table IV) . As a result of the increased uptake coupled with the failure of assimilation rates to increase proportionately both Anabaena spp. showed somewhat elevated intracellular levels of nitrate and ammonium during salt stress (Tables III and IV) . These experiments were performed with nitrogen-fixing cultures for accurate determination of rates of combined nitrogen uptake. The results (data not included) with cultures grown previously in combined nitrogen supplemented media were also completely identical. 19) . Curtailment of Na+ influx along with more efficient Na+ efflux helps maintain low internal Na+ concentrations and forms a major mechanism of salt tolerance in Anabaena spp. during diazotrophic growth (1, 4) . The data in Table II and Figures 1 and 2 show that during growth in combined nitrogen supplemented media the same mechanism (i.e. curtailment ofNa+ influx) may operate more effectively resulting in enhanced salt tolerance of cyanobacteria.
The significantly reduced intracellular levels of Na+ found in Anabaena spp. grown in combined nitrogen show a relationship with the salt tolerance (Fig. 3) . It should be mentioned here that the data on Na+ influx (Fig. 1) and intracellular Na+ content (Table II) inhibition ( Fig. 2) suggests that higher NaCl concentrations may alleviate the inhibition by combined nitrogen to some extent. However, the relative inhibition of Na+ influx by different nitrogen sources at 1 mM Na+ does seem to reflect the likely relative effect of these nitrogen sources during salt stress. Indeed, the statistical assessment of the relationship between the relative salt tolerance of both Anabaena spp. and their relative intracellular Na+ levels has revealed a good negative correspondence (r values close to unity). The close similarity of the correlation lines for internal Na+ per mg protein or per unit internal cell volume (Fig. 3) indicates that the modification of salt tolerance is not related to alterations in cell volumes induced by growth in combined nitrogen. That the enhanced salt tolerance in the presence of combined nitrogen is related to the effective inhibition of Na+ influx under these conditions is suggested by the following: Chl a mL-1) . Assays were carried out in an incubator shaker (150 rpm) at 250C and 2.5 mW cm-2 light intensity and were terminated after 1 h by centrifugation (15,000g x 1 min) in a microfuge. Extracellular nitrate and ammonium was removed by washing the cell suspensions first with 50 mL culture medium devoid of combined nitrogen and then with 50 mL glass distilled water. Nitrate and ammonium were estimated as described in "Materials and Methods." 
Anabaena spp
Nitrogen-fixing cyanobacterial cultures were exposed to salt stress (i.e., A. torulosa: 170 mM NaCI; Anabaena sp. strain L-31: 55 mm NaCI). Changes in the extracellular and intracellular levels of nitrate and ammonium during 1 h treatment with salt were corrected for intemal cell volume for further analysis. Other details were as described in Table Ill (a) all nitrogen compounds which protect against salt, reduce Na+ influx; (b) proline and glycine which are ineffective against Na+ influx, offer no protection against salt stress; (c) the effectiveness of different nitrogen compounds in protecting against salt stress follows the order ofefficiency with which they inhibit Na+ influx; (d) moreover, the relationship between inhibition of Na+ influx and enhancement of salt tolerance is found to be independent of the inherent ability of cyanobacteria to tolerate NaCl, i.e. not only a salt sensitive strain becomes salt tolerant, but tolerance of A. torulosa is further enhanced beyond its normal abilities. The inhibition of Na+ influx by combined nitrogen is rapid (Fig. 1) occurring within 2 min after addition of combined nitrogen to nitrogen-fixing cultures. This suggests that it is not an indirect effect of modification of Na+ carrier, or membrane permeability as a result of prolonged growth in Intracellular Sodium ( % control ) Figure 3 . Relationship between the intracellular sodium levels and salt tolerance of (a) A. torulosa and (b) Anabaena sp. stain L-31 grown in combined nitrogen supplemented media. Data on salt tolerance (growth under salt stress in each nitrogen source relative to growth in respective controls containing identical nitrogen source but no salt) were pooled from experiments described in Table I . Data on intracellular Na+ levels (at 1 mm extemal Na+) corrected either to total cell protein (0) or to intracellular volume (0) were pooled from experiments described in Table II combined nitrogen supplemented media. Indeed, the kinetic analysis reveals that it is a direct effect; both nitrate and ammonium appear to interact with the Na+ carrier and inhibit Na+ influx competitively (Fig. 2) . Presence of NH4,, NH3, or certain amino acids in the medium has been shown to prevent intracellular accumulation of Na+ or K+ in certain animal systems (9, 27) and microbes (26) (Table III) and thereby to increase the salt tolerance of cyanobacteria. During exposure to salt stress, cyanobacteria exhibit an increased nitrogen demand (30) and the enhanced uptake of combined nitrogen in response to salt may be aimed at supporting such a requirement (Table III) . It is evident that the observed protection is not consequent to stimulation of cyanobacterial growth by combined nitrogen per se. The increase in the apparent nitrogen assimilation rates (Table IV) appears to be a response to the increased intracellular availability of combined nitrogen. It does not represent a true increase in the nitrogen utilization efficiency, since the nitrogen utilization ratios remain more or less unchanged, and may not contribute much to the growth. Therefore, the lack of correlation between the assimilation rates and growth during salt stress indicates a possible diversion of nitrogen for nongrowth purposes. The possibility that combined nitrogen can accumulate intracellularly and act as internal osmoticum per se is not, however, favored by several lines of evidence. First of all, unlike glycine betaine in enteric bacteria (13) , the various nitrogen sources found to be effective are substrates which are rapidly metabolized in cyanobacteria and the possibility that they can be accumulated in significant quantities appears remote. Nitrate accumulates in vacuoles of higher plant cells and acts as internal osmoticum (5) but in the nonvacuolated cyanobacteria it is difficult to envisage the accumulation of these substrates in preference to their utilization for various life processes. The marginal increase in the intracellular levels of nitrate and ammonium during salt stress in both Anabaena spp. (Table III) can at best form a very minor component of the internal osmoticum and can balance only an insignificant fraction of external osmoticum. The order of effectiveness of the various amino acids against salt does not clearly identify a particular product of nitrogen asssimilation as the principal osmoregulator. The possibility that they can aid the synthesis of a nitrogenous osmoregulator remains. Proline and glycine, since they are taken up but not utilized by either Anabaena strains (data not included), can certainly accumulate and act as osmoregulators. But their ineffectiveness against salt rather suggests that whatever little role they may play as osmoregulators is clearly insufficient.
One feature of the effectiveness of any nitrogen compound against salt appears to be its ability to inhibit Na+ influx. Above all, the rapidity with which combined nitrogen inhibits Na+ uptake and the magnitude of inhibition clearly justify the recognition of curtailment of Na+ influx as the primary mechanism involved in the protection of cyanobacteria by combined nitrogen against salt stress.
In general, cyanobacteria do not accumulate Na+ and show a high energy demand for an obligatory extrusion of this cation. The inability to support this demand by oxidative phosphorylation has been suggested to be a main cause of the obligate photoautotrophy of most cyanobacteria (18) . The present data show that presence of combined nitrogen facilitates maintenance of low intracellular concentrations of Na+ (Table III) even during salt stress. This has beneficial consequences in the development of salt tolerance since it minimises energy requirement to pump out excess Na+ and nearly abolishes the necessity to adapt the metabolism to function at elevated intracellular levels of salt. These results confirm and extend our earlier observation (1) that the cyanobacterial salt tolerance can be modified by environmental factors, especially combined nitrogen. The observed Ki values for nitrate and ammonium may well be of ecophysiological significance and may determine the distribution ofcyanobacteria in saline environments.
